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Abstract Design and construction of high-speed train railway (HSTR) infrastructure is different from that
for normal trains, since high geometric standards and material properties are involved. For example, HSTR
embankments are designed to limit total-differential settlements to minute amounts. In this study, a typical
‘slab-track’ type HSTR embankment was used to investigate the replaceability of one fill strata known as
‘uncemented-prepared-subgrade layer’ (U-PSL), constructed by using a locally obtained medium sand, as
opposed to various ‘cemented-prepared-subgrade layers’ (C-PSL), whose mixes were prepared at two water-
to-cement (w/c) ratios and three cement contents (c). Three size cylindrical samples were cast, 7–28 days water
cured and were tested to obtain the unconfined compressive stresses, strains, elasticity moduli and Poisson’s
ratios at failure. Test results were then fed into the Plaxis-FEM program to find the maximum total settlements
of individual layers and compared with the requirements. Only three C-PSL mixes having cement contents
(c) of 20, 25, 30 % and water-to-cement (w/c) ratios of 0.4 and 0.5 met the strict settlement criteria. The
study showed that the original (h = 2 m) thick U-PSL can be replaced with 0.3h-m thick C-PSL at w/c = 0.5
(i.e. h = 0.6 m). Likewise, the original (h = 2 m) thick U-PSL can be replaced with 0.2h-m thick C-PSL at
w/c = 0.4 (i.e. h = 0.4 m). Also, the extra effort of doing in situ soil compaction and testing in layers is reduced
or eliminated. This would give not only alternative ways to HSTR embankment designers/constructors, but
also substantial savings in construction time and costs.
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1 Introduction
Safe, fast, comfortable, affordable, sustainable and environmentally friendly electrical-locomotive driven high-
speed train railway (HSTR) travel is becoming more and more popular in today’s world in the last few decades.
More countries, such as the USA, the Kingdom of Saudi Arabia, Qatar and the UAE have either recently
announced plans to develop or have already proceeded to develop this mode of travel to join the privileged
club of a few countries, such as France, Spain, Germany, Italy, the UK, Japan, China, Korea and Taiwan,
who are already utilizing such travel networks. The definition of high-speed varies from country to country
globally, as there is no single standard accepted worldwide. Generally speaking, it is defined as a railway
travel service, which regularly operates at a minimum speed of 250 km/h on new tracks, or at a minimum
speed of 200 km/h on existing tracks. However, nowadays it has become a norm in countries that use this tech-
nology to define ‘high-speed’ as ‘design speeds near and above 400 km/h’ [1]. In addition, another definitive
aspect of the high-speed rail service is the presence of continuously welded rails in the railway infrastructure.
Although, the adopted ‘railway gauge’ (i.e. the distance between the symmetry axes of two parallel rails in a
high-speed train railway (HSTR) differs from country to country, for some countries (including Turkey), the
used railway gauge is 1.435 m [2–4]. On the other hand, a ‘rail-track’ term is used as an engineering unit for
a multi-layered composite system, comprised of various layers, increasing in stiffness from natural ground
up to the rail level [5]. Because of the high speeds adopted for design, construction and operation, there are
strict ‘top-of-rail’ total-differential settlement requirements in a HSTR embankment, in both the lateral and
longitudinal directions. Thus, HSTR embankments are constructed to be much stiffer than those for normal
trains. In the Far-Eastern design practice, these layers from bottom to top in sequence are as follows: natural
ground (i.e. natural subgrade layer), subgrade layer (artificial), prepared-subgrade layer (PSL), bearing base
layer, slab-track layer of unreinforced concrete, reinforced concrete traverses and then rails, connected to the
traverses with steel fasteners, as shown in Fig. 1 [6].
2 Properties of the Prepared-Subgrade Layer (PSL) in a HSTR Embankment
(a) Material Properties
In the Far-Eastern design practice, the prepared-subgrade layer (PSL) is located between the bearing-
base layer and the (artificial) subgrade layer. The function of the PSL is to minimize deformation of
the earthwork layers above and to prevent percolation of water into the earthwork layers below. The
Fig. 1 Cross-section of a ‘slab-track’ type HSTR embankment as used in the Far-East. (Prepared-subgrade layer is represented
by small dots in the middle)
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Table 1 Recommended gradation envelope of a PSL material in a HSTR embankment
Grain size Percentage passing
P(2D) 100
P(Dmax) 100–99
P(D) 99–85
P(D/2) 84–55
P(D/5) 60–31
P(D/10) 49–23
P(D/20) 40–17
P(D/50) 31–11
P(D/100) 22–8
P(D/200) 16–6
P(D/500) 9–3
P(D/1,000) 6–2
D nominal grain size, Dmax 1.25D, if D ≥ 50 mm; Dmax = 1.58D, if D < 50 mm
recommended gradation envelope for a PSL (also called the Uncemented-PSL or U-PSL) material is
given in Table 1 [6].
(b) Bearing Capacity and Compactness
The properties of a PSL material is defined by the following standard tests [6]:
• The Standard Proctor Test (ASTM D 698-00) to determine the maximum dry density (MDD) and
the optimum moisture content (OMC),
• The Plate Bearing Test (ASTM D 1196-93, 2004), where the maximum particle size is less than
100 mm.
The required critical values for the above mentioned tests are as follows [6]:
The Relative Compaction with respect to MDD from the Standard Proctor Test (ρd ≥ 95 % MDD),
The (vertical) Elasticity Modulus from the Plate Bearing Test (E ≥ 80 MPa).
2.1 Laboratory Tests for a PSL with Uncemented and Cemented Turgutlu Sand
2.1.1 Laboratory Tests on Uncemented Turgutlu Sand used as U-PSL (PART 1)
In this section, some basic index tests were performed using a locally obtained medium Turgutlu Sand, as it
has met the requirements of a typical PSL material [6]. These include the following:
• The particle size analysis (ASTM D422-63, 2005),
• The compaction test, using the standard proctor method (ASTM D698-00, 2005),
• The specific gravity test (ASTM D854-02, 2005),
• The water content test (ASTM D2216, 2005),
• Soil classification method by using the unified soil classification system-USCS (ASTM D2487-00, 2005),
• The consolidated-drained (CD) triaxial test (ASTM WK3821, 2005),
• The direct shear test (ASTM D3080-04, 2005),
• The unit weight of soils test (ASTM D4253-00, 2005) and
• The permeability test (ASTM D 2434-68, 2006). A brief summary of tests is given below.
(a) Particle Size Analysis
This test was applied to determine the variation of different grain sizes, contained within a soil specimen.
Sieve analysis was performed to determine the distribution of the particle sizes. Test standard used was
ASTM D 422-63, 2005-‘Standard Test Method for Particle Size Analysis of Soils’. This and other test
results are given in Table 2 [12].
(b) The Laboratory Compaction Test
For this test, the ASTM D 698-00, 2005-‘Standard Test Method for Laboratory Compaction Character-
istic of Soil Using Standard Compaction Effort’ method was used. The obtained results are as follows
[12]:
• The Optimum moisture content, (%), Wopt. = 13.6.
• The Maximum dry density, (kN/m3), γdrymax. = 19.994.
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Table 2 Summary of laboratory tests results of uncemented-Turgutlu Sand used as U-PSL
No. Experiment name Used method ASTM-D Value Unit
1 Particle size analysis Wet sieve analysis ASTM-D 422-63 – (%)
2 The laboratory compaction Standard Proctor method ASTM-D 698-00 Wopt = 13.6, γdrymax
test = 19.994 (%) kN/m3
3 Specific gravity of soil solids Pycnometer method ASTM-D 854-02 2.65 –
4 Determination of water Oven dried method ASTM-D 2216 (3.3%) in laboratory (%)
content conditions
5 Classification of soil for USCS ASTM-D 2487-00 SP –
engineering purposes
6 Coefficient of permeability Falling head method ASTM-D 5084-03 10−3 m/s
7 Maximum index density Vibration table method ASTM-D 4253-00 – –
8 Triaxial compression test Consolidated-drained (CD) ASTM WK3821 c = 7, Ø = 37 kPa (◦)
9 Direct shear test Consolidated-drained (CD) ASTM-D 3080-04 c = 7, Ø = 36.88 kPa (◦)
Table 3 Design values for the prepared mixes of cemented-Turgutlu Sand used as C-PSL
No. Name Value Unit
1 Slump 70 mm
2 Max size of aggregate 50 mm
3 Mixing water and air content Depends on w/c –
4 Water/cement ratio (w/c) 0.4–0.5 –
5 Cement content 10, 15, 20, 25, 30 (%) By weight of concrete
6 Coarse aggregate content Depends on w/c –
2.1.2 Laboratory Tests on Cemented-Turgutlu Sand used as C-PSL (PART 2)
In these tests, type-1 Portland cement (ASTM C150, 1994) and local medium Turgutlu Sand was used for
finding the right mix proportions at two water-to-cement ratios (w/c = 0.4, 0.5) and with five cement contents
(c = 10, 15, 20, 25, 30 %). Then, three different sizes (based on diameter and height values) of cylindrical
steel molds were used to cast the prepared samples to be water cured for 7 and 28 days, before testing them in
the unconfined compression test machine at the IYTE-MAM Laboratory to obtain their uniaxial compressive
strengths (per local standards: TS EN 12390-2, 2002; -3, 2003) [7–11]. The adopted design values for the
prepared mixes of Cemented-Turgutlu Sand used as C-PSL are given in Table 3 [12].
Three cylindrical specimens were cast for the (small) sample A-size (diameter, D = 4 cm and length,
L = 8 cm), another three specimens were cast for the (medium) sample B-size (diameter, D = 8 cm, length,
L = 16 cm) and a separate three specimens were cast for the (large) sample C-size (diameter, D = 10 cm,
length, L = 20 cm). There were three specimens in each of 30 sets, making altogether 90 specimens in each
one of three (size: A, B, C) groups, making altogether 270 specimens with the C-PSL material [12]. The first
specimen in each set was tested, after 7 days of water-curing and the other two were tested, after 28 days of
water-curing. In each group, there were samples having five different cement contents (c = 10, 15, 20, 25, 30
%) with two different water-to-cement ratios (w/c = 0.4 and 0.5). Of these 270 specimens, 90 numbers (30
numbers for each of three sizes) were tested after 7 days of water curing and the remainder 180 numbers (60
numbers for each of three sizes) were tested after 28 days of water-curing for determining their unconfined
compressive strengths. In these tests, the Universal Testing Machine at the IYTE-MAM Laboratory was used.
Area correction was applied and the largest compressive force reached during the compression process was
taken as the break force and used in the subsequent analyses [12].
2.1.3 Evaluation of Laboratory Test Results with Turgutlu Sand
The evaluation of the results of the Unconfined Compression tests conducted on the cemented-prepared-
subgrade layer (C-PSL) specimens were studied from two different viewpoints, as detailed below.
(a) Evaluation of Elasticity Moduli Results for 28-day cured C-PSL specimens
(a1) For the 28-day cured specimens having w/c = 0.5, the increase of Elasticity Modulus (E) ver-
sus cement content (c) were almost linear, though slope was greater for the small (A-size), than the
large (C-size) specimens, where the correlation coefficients were high (0.9 < R2 < 1.0) and medium
(0.8 < R2 < 0.9), respectively. For the medium (B-size) specimens, E increased exponentially faster
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Fig. 2 Effect of sample size on Elasticity Modulus for 28-day cured specimens (w/c=0.5)
Fig. 3 Effect of sample size on elasticity modulus for 28-day cured specimens (w/c=0.4)
with the cement content. It is noted that if the variation increases faster exponentially with an upward
curvature, it is considered to show a positive curvature, as displayed by B-size in Fig. 2 [12]. On the
other hand, if the variation increases exponentially slower with downward curvature, it is considered to
show a negative curvature, as displayed by small (A) and medium (B) sizes in Fig. 3, where all sizes had
high correlation coefficients.
(a2) For 28-day cured specimens having w/c=0.4, the values of Elasticity Moduli (E) were generally
higher, compared to those of w/c=0.5. Furthermore, the increase in E with respect to cement content (c)
was higher for small (A-size) specimens, than for medium (B-size) specimens, which were in turn higher
than for the large (C-size) specimens. Though the first two displayed E increasing exponentially slower
trend (with negative curvature) as a function of cement content (c), the last one displayed E increasing
exponentially faster trend (with positive curvature) as a function of cement content (c), as seen in Fig. 3
[12].
(b) Evaluation of Compressive Strength Results for 28-day cured C-PSL specimens
(b1) For the 28-day cured specimens having w/c=0.5, an increase in Compressive Strength with respect
to cement content (c) showed a linear-like relationship for both small (A-size) and large (C-size) spec-
imens, compared to medium (B-size) specimens, which displayed increasing faster exponentially trend
with positive curvature. Though the first two had high correlation coefficients, the last one had medium
correlation coefficient, as seen in Fig. 4 [12].
(b2) For the 28-day cured specimens having w/c=0.4, values of compressive stress at failure (i.e.
Compressive Strength) as a function of cement content (c) were generally higher, compared to those
of w/c=0.5. Furthermore, Compressive Strength’s increase with cement content (c) was higher for
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Fig. 4 Effect of sample size on compressive strength for 28-day cured specimens (w/c=0.5)
Fig. 5 Effect of sample size on compressive strength for 28-day cured specimens (w/c=0.4)
medium (B-size) specimens, compared to those for small (A-size) and large (C-size) specimens up to
c=30 %. Though the first two had increased exponentially slower with negative curvature, the last one
had increased exponentially faster with positive curvature. For small (A-size) samples, the correlation
coefficient was medium, but for the other (B- and C-size) samples, correlation coefficients were high, as
shown in Fig. 5 [12].
2.1.4 Analysis of a HSTR Embankment Settlements
The term ‘settlement’ here refers to the total and differential settlements at the ‘top of rail’, including those
contributed by the embankment’s natural subgrade layer (i.e. the base-ground) and by various embankment
layers above the base-ground, but below the traverses.
The elastic deformation of the track-bed is an essential characteristic of the conventional rail-track structure.
It enables a load distribution to take place from the wheels, via rails, to a number of traverses. Consequently,
if the track-bed with its underlying various embankment layers are all too stiff, this situation may cause higher
load concentrations and increased abrasions in the gravel of the ballast layer. This, in turn, may create locally
different stiffness and may yield to differential rail deformations under the rail’s traffic loads. These differ-
ential rail deformations can cause adverse rearrangement of dynamic wheel forces, which, in the end, may
lead to progressive worsening of the rail geometry, thus yielding to accelerated wheel/rail and rail/traverse
wear and tear. That is why carrying out routine weekly and monthly maintenance/checks are very important
(e.g. regular checking of rail conditions for existence of any tiny cracks). In addition, rail connections and ‘top
of rail’ settlements should be checked during the regular maintenance periods. Some new equipment, which
uses ultrasound as well as laser technology exists and is mounted inside or outside on the front or back side
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Fig. 6 HSTR embankment model used in this study
of a maintenance locomotive, to allow these checks to be done quickly, while the train moves at a minimum
speed of 100 km/h. Thus, it is important to provide and maintain an optimum ‘rail-track’ structure to avoid
excessive/detrimental rail settlements, since each layer’s settlement is added-up from the bottom to the top, to
constitute the total settlement measured at the ‘top of rail’ level. Hence, it is important that over the long-term
(usually 30 years), the maximum top-of-rail settlements stay within the tolerable limits. Otherwise, excessive
total and differential settlements may affect stability and safety of the ride with high-speed trains (HST), apart
from causing fast condition deterioration in the HST wheels and in its infrastructure. That’s why nowadays
HST infrastructure-designers have to decide between the two very distinct infrastructure types, used mostly in
the Europe or in the Far-East.
The general European practice of using ‘ballast-supported-rail-tracks’ are less costly to built, but more
difficult and costly to maintain in the long term, though it is easier to do track repairs to bring occurred total
settlements to tolerable values, because of the frequent re-leveling that can be done easily, during any routine
monthly or seasonal maintenance. On the other hand, the Far-Eastern practice of using reinforced concrete
‘slab-track’ type paved rail-tracks are more costly to built, but easier and cheaper to maintain in the long term,
though this type is more difficult and costly to repair/maintain later over a long term to bring occurred total
settlements to be within the allowable limits, if they have undergone excessive settlements. The criterion for the
maximum allowable (tolerable) total settlement value (ASV or s) for any 20-m long longitudinal section of
a HSTR embankment in the long term of 30 years after construction is almost the same for both the ‘ballasted’
and ‘slap-track’ cases s ≤ 10 mm for a HST speeding between 200 and 400 km/h [6].
On the other hand, according to Far-Eastern design practice, the criterion for the maximum tolerable total
and differential settlements in the lateral (transverse) direction of the embankment (stransverse) is limited for
the same speed range to stransverse ≤ 2 mm [6].
2.1.4.1 Methodology for Settlement Analyses of HSTR Embankments In this section, a HSTR embankment
model and analysis as obtained by using the Plaxis V8 (2D) FEM program is explained as follows:
1. First of all, a HSTR embankment is modeled as shown in Fig. 6 [12].
2. There are three more HSTR embankment layers above the natural subgrade, which are from top to bottom:
the unreinforced ‘slab-track’ layer, ‘bearing-base’ layer, ‘uncemented- or cemented-prepared subgrade
layer (U-PSL or C-PSL, whichever is used), and the (artificial) ‘subgrade layer’, as seen in Fig. 1. All of
these layers have different material properties. Thus, such individual material properties and test conditions
should be separately considered and introduced into the Plaxis-FEM Program used. It was considered
that traverses and rail connections are rigid and do not contribute to the ‘top-of-rail’ total settlements
computed. The adopted material properties of the individual embankment layers used in this study are
given in Table 4 [12].
3. Then a finite element mesh was generated for the used HSTR embankment model, as seen in Fig. 7 [12].
When the initial conditions were assessed and were entered into the Plaxis-FEM program to do settlement
analyses, the Ground Water Table was not considered to exist for simplicity. Analyses were made using
six experimentally obtained C-PSL elasticity moduli (E) values shown in Table 5 and another analysis
was made with E = 80 MPa value of U-PSL for comparison purposes [12].
The variables used in Table 5 were as follows:
Two water-to-cement ratios (w/c=0.4, 0.5) and three cement contents (c=20, 25, 30 %). Although two
tests were done for lower cement contents (c) of 10 and 15 %, these were excluded, since they did not
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Table 4 Adopted Material Properties for the HSTR embankment model used
Parameter Name Unit Slab track layer Bearing base layer Prepared subgrade layer Subgrade layer
Material model Model – Mohr–Coulomb Mohr–Coulomb Mohr–Coulomb Mohr–Coulomb
Type of material Type – Drained Drained Drained Drained
behavior
Soil unit weight γunsat kN/m3 19 18 17 16
above phreatic level
Soil unit weight γsat kN/m3 22 21 20 19
below phreatic level
Permeability in kx m/s 0.2 0.03 0.001 0.00001
horizontal direction
Permeability in ky m/s 0.2 0.03 0.001 0.00001
vertical direction
Young’s modulus Eref kPa 300000 120000 80000a 60000
Poisson’s ratio v – 0.40 0.35 0.30 0.2
Cohesion cref kPa 1 1,5 7 5
Friction angle Ø ◦ 40 38 37 35
Dilatancy angle ψ ◦ – – 2 –
a This 80 MPa value is for the uncemented-prepared-subgrade layer, U-PSL
Fig. 7 Generated FEM-mesh of the used HSTR embankment model
Table 5 Variation of C-PSL Elasicity Moduli values with water-to-cement ratios (w/c) and cement contents (c) and their com-
parison with the minimum E = 80 MPa value of U-PSL
w/c ratio Elasticity modulus, E (MPa)
Cement content, c (%)
20 25 30
0.5 258.94 261.46 450.47
0.4 352.86 545.20 597.48
Fig. 8 Load Model 71 and vertical loads in the longitudinal direction of a HSTR embankment
meet the criteria of not-exceeding the total settlement result obtained from the E = 80 MPa value of the
uncemented-prepared-subgrade layer (U-PSL) used in the Far-East [6,12].
4. For the loading, two general models exist for calculation of the associated static loading effects mentioned
in the EN 1991-2: Eurocode 1 [13], where the rail traffic loading is defined by means of load models.
Rather than using the Load Model 71 given in Fig. 8, a more critical (causing higher settlement values)
Load Model SW/0, given in Fig. 9 and Table 6 was used, in order to better represent static effect of vertical
loading, due to normal rail traffic on mainline railway embankments [12].
The characteristic distances taken for vertical loads of Fig. 8 are given in Table 6 [12].
5. Finally, total settlements that were calculated via the Plaxis-FEM Program using the same six laboratory
obtained elasticity moduli (E) values of C-PSL listed in Table 5 and were compared with that of the
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Fig. 9 Load Model SW/0 and vertical loads in the longitudinal direction of a HSTR embankment
Table 6 Characteristic values of the vertical loads for Load Model SW/0
Load model qvk (kN/m) a (m) c (m)
SW/0 133 15.0 5.3
Fig. 10 Total settlement contours of U-PSL having E = 80 MPa
Table 7 Total settlement analyses’ results for a 2-m thick C-PSL, if used instead of a 2-m thick U-PSL in a HSTR embankment
Layers U-PSL C-PSL ASV Notes
(mm)
S1 S2 S3 S4 S5 S6 S7
E = 80 MPa w/c=0.4 w/c=0.4 w/c=0.4 w/c=0.5 w/c=0.5 w/c=0.5
(mm) C=20 % C=25 % C=30 % C=20 % C=25 % C=30 %
E = 352.9 E = 545.2 E = 597.5 E = 258.9 E = 261.5 E = 450.5
MPa MPa MPa MPa MPa MPa
(mm) (mm) (mm) (mm) (mm) (mm)
Ballast 1.993 0.401 0.253 0.231 0.552 0.542 0.309 <2 OK
Sub ballast 1.986 0.391 0.247 0.225 0.540 0.531 0.303 <2 OK
Prepared sub grade 1.875 0.377 0.240 0.219 0.518 0.512 0.293 <2 OK
Sub grade 1.598 0.345 0.219 0.197 0.475 0.467 0.268 <2 OK
S1 Plaxis-FEM calculated total settlement values, ASV allowable total settlement value [6])
E = 80 MPa value of U-PSL, as seen in Table 7 [12]. The obtained results showed that any such C-PSL
mix can be used as a substitute of U-PSL.
2.1.5 Evaluation of the Results of Settlement Analyses
Results of settlement analyses via the Plaxis-FEM Program that was conducted on the 2-m thick uncemented-
prepared-subgrade layer (U-PSL), for which the elasticity modulus value was taken as E = 80 MPa, is shown
in Fig. 10 [12].
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3 Discussion of the Results
Only three C-PSL mixes, having c=20, 25, 30 % cement contents at w/c=0.5, 0.4 water-to-cement ratios
gave acceptable elasticity moduli higher than the required minimum value of E = 80 MPa of the U-PSL in
a HSTR embankment [12]. For each of the six C-PSL mixes shown in Table 7, each layer was considered
to have a thickness of 2-m in the analyses. Obtained E values were acceptable and much higher than the
minimum required value of E = 80 MPa of U-PSL, meaning such a HSTR embankment will be much stiffer,
a condition which is preferable. This means having a more durable embankment with a longer service life
and less maintenance costs over long service life with less wear and tear for the train’s undercarriage system
(i.e. the wheel assembly) and for some of HSTR infrastructure, including slab-track, traverses, fasteners and
rails. Alternatively, C-PSL thicknesses could be reduced proportionally, allowing some economy to be made
in construction costs.
4 Conclusions
Results in Table 7 show the following:
The U-PSL in a typical HSTR embankment cross-section, such as shown in Fig. 1, can be replaced with
any one of the listed C-PSL mixes. This will permit use of reduced layer thicknesses, while not exceeding
the allowable settlement values (ASV). Using linear interpolation, simply this may mean that the original
(h = 2 m) thickness of U-PSL can be replaced with 0.3h-m high C-PSL at w/c = 0.5 (i.e. h = 0.6 m in
thickness). Likewise, the original (h = 2 m) thickness of U-PSL can be replaced with 0.2h m high C-PSL
at w/c=0.4 (i.e. h = 0.4 m in thickness). Furthermore, the extra effort of doing in-situ soil compaction and
testing in layers for U-PSL is reduced or eliminated. Generally speaking, it takes more volume of material,
man-hours of work, time and cost to construct a U-PSL in a HSTR embankment to meet its minimum accept-
able standards, compared to any one of the above described six mixes of C-PSL reduced in thicknesses in
a HSTR embankment. In this way, HSTR embankment designers/constructors may have not only alternative
methods, but also substantial savings in construction time and costs.
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